Introduction
Selenium is an important chemical element, considering both its technological applications and biological role. It is of interest to several electronic, machinery, glass, chemical, pharmaceutical and agriculture industries. As a biological counterpart, it is a cofactor of glutathione peroxidase, affording cell protection against oxidative damage. Selenium also participates in other metabolic pathways including a minimization of toxic effects caused by several heavy metals. 1, 2 Daily intake from external sources is necessary, but depending on the doses and on the bioavailability of selenium compounds it could also exert toxic effects, like hepatic cirrhosis, teeth and air loss, paralysis and death. 3 The main inorganic forms of selenium spread in nature are selenite (SeO3 2- ) and selenate (SeO4 2- ), but also organic forms could be found mainly as methylated derivatives, selenoaminoacids and selenoproteins. 4 For the reasons pointed out before, the determination of total selenium and its speciation in different kinds of samples is important. Thus, a plethora of analytical methods was proposed, including colorimetry, fluorometry, atomic absorption and emission techniques, potentiometry, voltammetry and chromatography with several kinds of detection. 4 On the contrary, proposals referring to screening analysis by using sensor technologies are scarce. Chemical sensors provide information using low-cost technology, mostly without the consumption of reagents and elaborated sample pretreatments. Coo and Martinez 5 proposed a nafion-based optical flow-through sensor for the determination of selenium at intervals of 4 -20 mg L -1 , in river-water samples. It consists of a variamine blue infused membrane, which becomes violet when in contact with an acidic iodide solution of a selenium(IV) containing sample. After 30 assays nafion membrane was found to be regenerated concerning leached variamine.
The use of sol-gel technology is rapidly growing regarding the development of chemical sensing devices. The mild conditions of the process, together with the chemical inertia of sol-gel glasses, make these materials ideal for the immobilization of numerous organic, organometallic and biological molecules. Important advantages of using sol-gel silica nets as support materials reside in how such characteristics as polarity, porosity and ion exchange capacity can be easily tailored by a simple modification of the polymerization process. Sol-gel films present optical transparency, even in the UV region, physical robustness and high homogeneity of the entrapped molecules. 6 Based on this technology, optical sensors for the determination of aluminium, 7 bismuth, 8 cadmium, 9 copper, 7,10 mercury, 11,12 lead 13 and zinc 14 were previously reported for reversible and sensitive monitoring in different samples. Very recently, sol-gel monoliths incorporating the inclusion complex 2,3-diaminonaphthalene (DAN) in 2-hydroxypropyl-β-cyclodextrin was proposed for the determination of selenium in water samples based on fluorometric transduction. 15 However, the selected chemical scheme required an irreversible chemical recognition process and immersion of the monolyte in the sample for 1 h at 60 C. With the goal of having a reversible sensing mechanism for Se(IV) assessment, in this work a sol-gel film containing entrapped thionine was implemented in accordance with a simple procedure, previously described. 8 Afterward, films were assembled in a flow-cell and a bifurcated optical fiber coupled in an extrinsic optrode arrangement. To achieve increased sensitivity, the inner volume of the cell was filled with beads of a strong anionic resin. In the first step, the sample flowed through the cell, enabling selenite retention. Then, a small 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: anaraujo@ff.up.pt In this work, a reversible sensor to assess the total Se(IV) content in samples is described. Pre-activated glass slides were spin-coated with 100 μL of a 20-h aged sol-gel mixture of 1 mL of tetramethoxysilane, 305 μL of 50 mmol L -1 HCl and 2.0 mg of thonine. The flow-cell consisted of one of those slides as a window, and was filled with beads of a polystyrene anionic exchange resin to retain Se(IV) in the form of selenite ions. A reflectance transduction scheme at a wavelength of 596 nm was adopted. The cell was coupled to a multicommutation flow system where a programmed volume of a sample solution and 373 μL of 0.4 mmol L -1 iodide in a 1.6 mol L -1 HCl solution were sequentially inserted into the cell. The iodine produced from the reaction of retained Se(IV) with iodide bleached the blue color of thionine. Considering a sample volume of 2.30 mL, with which the preconcentration step was minimized, a linear dynamic working range between 1.5 to 20 μg mL -1 and a detection limit of 0.29 μg mL -1 were obtained. The sensor enabled us to perform approximately 200 assays, and provided results similar to those of electrothermal atomic absorption spectrometry. 
The liberated iodine reduces the entrapped blue thionine, bleaching its color. 16 Sensor regeneration was simply achieved by contact with an acid solution. The flow conditions of the sensor were optimized, and the quality of the results furnished were evaluated by application to samples, like antidandruff shampoos and dietary supplement tablets.
Experimental

Reagents and chemicals
Analytical-grade chemicals without further purification and Milli-Q (Millipore, MA) deionized water were used in the preparation of all solutions. A stock solution with a concentration of 200 mg L -1 Se(IV) was prepared by dissolving 10.9 mg of sodium selenite with deionized water in a 25-mL volumetric flask. Working standard solutions were obtained by rigorous dilution of this stock solution with water.
For determinations using reference method (ETAAS), a matrix modifier solution containing 0.6 g L -1 magnesium nitrate and 1 g L -1 of palladium was prepared. The samples were purchased from local stores. For appropriate analysis of shampoos, 2 g of each sample was transferred into Teflon ® microwave digestion vessels and 5 mL of concentrated HNO3 was added to each one. Tablet samples were grinded in a mortar and an accurately weighed mass (ca. 0.5 g) of the resulting powder was transferred into the digestion vessels. The same volume of nitric acid (5 mL) was also added. Vessels were closed and microwave assisted acid digestion at 800 W during 30 min was performed. Finally, 5 mL of a 1 mol L -1 urea solution was added to each vessel to decompose nitrogen oxides, 17 and the final volume adjusted with deionized water in volumetric flasks.
Apparatus
Conventional absorbance measurements for sensors characterization were performed in a Lambda 45 UV-Vis spectrophotometer (Perkin-Elmer, CT).
For reflectance measurements, the 400 μm bifurcated fiber optic cable BIF400-VIS-NIR (Ocean Optics, FL) endings were respectively connected to a FOCWDIG digital color wheel source (WPI, Herts, England), to the flow-through sensor cell using a collimating lens (74-UV, Ocean Optics) and to a SD1000 fiber optic spectrometer (WPI). The flow manifold ( Fig. 1 ) comprised three NResearch 161T031 three-way solenoid valves (Stow, MA) and a Gilson Minipuls 3 peristaltic pump (Villiers-le-Bel, France) equipped with a PVC pumping tube of the same brand. Flow lines were built using PTFE 0.8 mm (i.d.) tubing. The manifold devices, control and signal acquisition were accomplished though a homemade software program written in QuickBasic 4.5 language using a computer equipped with a PCL 711S Advantech interface card.
A Milestone 1200 mega microwave oven unit (Milestone Inc., CT) was used in sample preparation.
An assessment of the results quality was performed by a comparison with those obtained using a Perkin-Elmer 4100 ZL 
Preparation of sol-gel thin films
Different starting sol mixtures were prepared in PTFE beakers, and strong continuous stirring was maintained until starting film production. The optimized mixture composition was achieved with 1 mL of TMOS, 305 μL of 50 mmol L -1 HCl as mineral catalyst, 8 mL of ethanol as a cosolvent and 2.0 mg of thionine. Continuous stirring was maintained for 20 h. Then, 100 μL of the aged sol mixture was applied by spin-coating (3000 rpm, 15 s) over one side of glass slides. The final gelation was achieved by keeping the films at room temperature for 5 days before use. Square glass slides (20 mm × 20 mm) were used as substrates for film deposition. Prior to film coating, the slides were treated with concentrated nitric acid, ethanol and rinsed with deionized water, followed by drying at 100 C in order to activate silanol groups on the surface of the glass.
Procedures
The optimal conditions for the entrapment of thionine in sol-gel films were achieved by fixing the amount of TMOS and varying the type of mineral acid catalyst (HCl or HNO3), the amount of thionine (up to 4 mg) and the water:alkoxide ratio (between 2 and 4). All of the obtained films were compared in terms of the surface homogeneity, thionine leakage profile and response in the presence of iodine. The extent of leaching was assessed by successive immersion of the films for 60 s intervals into 2.0 mL of 2.5 mol L -1 HCl solution. After each interval the sensor was withdrawn and the absorbance spectrum collected in the 400 -650 nm range. The films response was evaluated after immersion in acidic solutions of selenite, to which potassium iodide was added and the absorbance change at a wavelength of 596 nm was monitored.
The conditions for the sensor use under flow conditions were optimized by inserting the sensor flow-through cell in the manifold depicted in Fig. 1 .
The manifold comprised three-solenoid valves (V1, V2 and V3) to enable the insertion of a sample (V2), a mixture of acid and potassium iodide solutions or only the acid during regeneration step (V1), and to change between the samples (simultaneous activation of V1 and V3). 
Results and Discussion
Optimization of thionine sol-gel film preparation
The determination of Se(IV) based on thionine bleaching was proposed as an alternative to other determination chemistry resorting to chromogenic reagents presenting poor selectivity, or with carcinogenic activity, or requiring long reaction times. 16 In an acidic solution the thionine absorbance spectrum (Fig. 2b′) is characterized by an intense absorption band with a maximum located at 596 nm and a small shoulder to the blue region, corresponding to the monomer with a positive resonant charge. 18 Films were cloudy, with an irregular surface and irregular color distribution when amounts higher than 2 mg were added to the initial sol mixture in order to obtain a proportional higher absorption band (Table 1, F4) . By fixing this amount, films presented purple or blue color depending on the remaining sol constituents. Films prepared with water:alkoxide ratios of 2 (F1) or low concentrated acid catalyst (F5) presented purple color, and high leaching characteristics when immersed in an acidic solution. As can be seen in Fig. 2a , absorption maximum was shifted to the blue region in approximately 50 nm, indicative of dye aggregation, 18 probably promoted by free silanol groups in the xerogel cavities where thionine molecules are entrapped. After immersion, significant leaching occurred in the first 15 min, and the absorption maximum in the spectrum was red-shifted (Fig. 2a′) , indicating a prevalence of the entrapped monomer form of thionine in the acidic microenvironment. 19 The increase in the molar water:alkoxide ratio induced decreased the film thickness, shrinkage and pore volume of sol-gel films due to faster hydrolysis and condensation rates. 20 Films obtained with water:alkoxide ratios above 2.5 were blue in color (Fig. 2b) , also presenting significant aggregation of the dry form. The higher condensation in these films determined an inferior amount of silanol groups in the entrapment cavities, consistent with the lower aggregation of thionine. Nevertheless, after 2 h of immersion in an acidic solution, once more the blue monomer form prevailed, but now without significant leaching. Films prepared with sol mixtures presenting water:alkoxide ratios of 3 and higher (F7, F9) showed minimum leaching characteristics, but were also irresponsive when trials concerning selenite determination were conducted. Films prepared, using nitric acid as catalyst (F6, F8) presented a uniform and smooth aspect like the previous ones corresponding to higher water:alkoxide ratios, and were similarly irresponsive. It was also noticed that these films had an increased tendency to present small surface fractures, and even to crack after immersion in water.
Sensor assembly and test under flow conditions
A coated glass slide (Table 1, F2 ) was assembled in a flow cell consisting of two white PTFE plates (Fig. 1a) separated by a 0.8-mm silicone spacer with a transverse cylindrical hole of 8 mm diameter. The common end of a bifurcated fiber bundle was then connected to the cell in an optrode extrinsic mode arrangement. Finally, the cell was coupled to a mutlicommutated flow system (Fig. 1b) where the valves and proper pump functioning were controlled by a computer (Fig. 1c) . Initial experiments to optimize the determination conditions showed, however, that signals were of low intensity, even when the highest concentrated Se(IV) standard solutions were assayed. Thus, it was decided to fill the inner volume of the cell with ca. 15 mg of polystyrene anionic resin beads (Amberlite IRA 400). By doing this, a reflective surface near the film was allowed. At the same time, some preconcentration of selenite ions from more dilute solutions could be expected once a breakthrough capacity of 1.55 mg g -1 for Se(IV) was previously reported. 21 In the first step of the analytical cycle, a sample solution was aspirated through the flow cell for 60 s, being selenite ions retained on the resin. Afterwards, an acidic potassium iodide aqueous solution was enabled by binary sampling through valve V1 from the respective stock solutions. Downstream, mutual dispersion occurred by laminar transport and molecular diffusion. Then, the mixture was stopped in the flow cell, starting analytical signal collection (Fig. 3) . Initially, the concentration of potassium iodide for the stock solution was fixed at a concentration of 2.5 mmol L -1 , and the effect of the hydrochloric acid concentration stock solution on the analytical signals assessed after the insertion of Se(IV) solutions with concentrations of 6 and 10 mg L -1 (Fig. 4, left) . Up to a concentration of 4.8 mol L -1 HCl a proportional increase on the analytical signal intensity was obtained (Δ absorbance), measured as a lowering of the blank absorbance value with bleaching induced by Se(IV). However, the use of very concentrated acid solutions, besides the handling hazardous risk, determined both noisy signals due to incomplete mixing with the potassium iodide aqueous solution and spontaneous iodine formation, even in the absence of Se(IV). For these reasons, the concentration of acid was fixed at 2.4 mol L -1 . In turn, to potassium iodide concentrations below 1 mmol L -1 corresponded to a proportional decrease of the obtained signals. For more concentrated solutions, no change in the analytical signals was noticed. The number of on/off cycles of solenoid valve V1 was varied between 8 and 20 to assess the minimum volume of the acidic iodide solution to be inserted (Fig. 4,  right) . For less than 8 cycles, analytical signals were of low intensity due to an insufficient amount of reagent inside the flow-cell. The maximum sensitivity was achieved when settling the number of cycles above 14. The adoption of 16 cycles corresponded to a consumption of 130 μL of stock potassium iodide solution and of 242 μL of the hydrochloric acid solution in each assay. Although not assessed, these volumes could be further reduced by considering that flow lines between the solenoid valve and the flow-cell remain filled with both solutions.
Settling the sample aspiration time of 60 s Se(IV) solution was of 0.060. It increased to 0.130 for a sample volume of 4.6 mL and to 0.210 for a volume of 6.9 mL, requiring the activation of solenoid valve V2 for 180 s. For this volume, a limit of detection of about 0.008 mg L -1 was enabled, and was very similar to that reported before considering only the wet chemistry-based procedure. 16 Each thionine sensor enabled us to perform ca. two hundred measurements without any appreciable decrease (<10%) of the slope obtained for the calibration line, and when kept dry was useful even after 6 months of being prepared.
According to Revanasiddappa and Kiran Kumar, 16 3-, citrate and tartrate do not interfere in the reaction when the respective concentration is below 0.5 g L -1 . On the contrary, arsenate, nitrite, chromate, vanadate, iron(III) and iodate could interfere. Accordingly, the effect of these ions was assessed by the insertion of corresponding 5 mg L -1 selenite solutions containing about 10 mg L -1 of each ion. The strongest interferences were observed both for chromate ion, which determined to have a 45% increase, and for arsenate (5% increase). For other ions increases below 2% were obtained.
Application to real samples
The quality of the results provided by the optimized procedure, as above described, was assessed by determining the total selenium content of shampoos and dietary supplement tablets ( Table 2) . The results were compared with those obtained by electrothermal atomic absorption spectrometry (ETAAS) with a Zeeman background correction. In these shampoos and tablet solutions were one hundred times diluted with water before 20 μL of each were sampled into the graphite furnace chamber. To the sample volume, 5 μL of the matrix modifier solution (5 μg of palladium and 3 μg of Mg(NO)3) was added before initiating the temperatures and measurement cycle. The results obtained by both methods were statistically in accordance, and relative standard deviations less than 4% of the nominal values were also achieved.
Conclusions
In this work, the feasibility of a thionine-based sensor to accomplish Se(IV) determinations was shown. The entrapment of thionine using sol-gel technology provides films with low leakage characteristics and which are readily responsive for long periods. The resort to an anionic resin to retain selenite ions besides producing enhancements of the determinations sensitivity also contributes to a reduction of the interference of other ions. The bleaching of entrapped thionine through reduction by iodine formed in the oxidation of iodide by Se(IV) proved to be an adequate chemistry for the determination of total selenium. 
